We study the effects of mass and energy injection due to OB associations spread across the rotating disc of a Milky Way-type galaxy, with the help of 3D hydrodynamic simulations. We compare the resulting X-ray emission with that produced from the injection of mass and energy from a central region. We find that the predicted X-ray image shows a filamentary structure that arises even in the absence of disc gas inhomogeneity. This structure stems from warm clumps made of disc material being lifted by the injected gas. We show that as much as half of the total X-ray emission comes from regions surrounding warm clumps that are made of a mix of disk and injected gas. This scenario has the potential to explain the origin of the observed extra-planar X-ray emission around star forming galaxies and can be used to understand the observed sublinear relation between the L X , the total X-ray luminosity, and SFR. We quantify the mass contained in these 'bow-shock' regions. We also show that the top-most region of the outer shock above the central area emits harder X-rays than the rest. Further, we find that the mass distribution in different temperature ranges is bimodal, peaking at 10 4 -10 5 K (in warm clumps) and 10 6 -10 7 K (X-ray emitting gas). The mass loading factor is found to decrease with increasing SFR, consistent with previous theoretical estimates and simulations.
INTRODUCTION
Outflows from galaxies are believed to regulate star formation in galaxies by ejecting gas and therefore influence galactic evolution (e.g. Dekel & Silk (1986) ). Moreover, these outflows can also determine the physical state of the circumgalactic medium (CGM) (Oppenheimer & Davé 2006) and enrich the intergalactic medium (IGM) with metals (e.g., Nath & Trentham (1997) ; Ferrara et al. (2000) ; Aguirre et al. (2001) ). Although there are many physical processes that can launch these outflows, it is believed that thermal pressure arising from supernovae driven energy and mass deposition is the most important process in star forming galaxies (e.g., Larson (1974) ). In particular, large superbubbles generated by stellar winds and supernovae in OB associations, where most massive stars are born, have been shown to be efficient in breaking through the disc gas with enough impetus to reach large distances from the galaxy (e.g, Nath & Shchekinov (2013) ; Sharma et al. (2014) ).
Email: aditiv@rri.res.in X-ray observations of outflows have been useful in the interpretation of the galactic outflows phenomenon Strickland & Heckman 2007) . This is because a significant fraction of the total mass and energy in the outflowing gas resides in the form of hot gas ( 10 6 K). In more recent observations by Li & Wang (2013) of highly inclined (i 60 • ) galaxies, a mysterious nature of the extra-planar soft X-ray emission is revealed. They notice that the soft X-ray luminosity (L X ) has only weak dependence on the stellar mass of the galaxy (M * ) compared to elliptical galaxies, indicating that the X-ray emitting material is not a gravitationally collapsed atmosphere. They also find that the temperature of the X-ray emitting plasma (T X ) is uncorrelated with the star formation rate which can further (loosely) mean that the emitting material is not shocked. The only remaining possibility is then the X-ray emission by the wind driven by supernovae activity at the galaxy.
The literature related to finding X-ray emission from galacitc wind goes back to Chevalier & Clegg (1985) who estimated the X-ray luminosity of the nearby starburst galaxy M82 assuming that outflows are launched from a central region (∼ 200 pc) . This scenario has the arXiv:1712.06252v2 [astro-ph.GA] 30 Jan 2018 appeal of analytical tractability and simplicity, and has therefore been extensively used (e.g., Zhang et al. (2014) ; Thompson et al. (2016) ). In this scenario, most of the X-ray emission arises from the central, hot and dense region (whose temperature is estimated by assuming that a fraction α of the total energy injection is thermalised).
This scenario has also been used to constrain the wind parameters, like α and mass loading factor (β), using an observed linear relation between the total soft X-ray luminosity (L X ) in the disc and SFR (Thompson et al. 2016; Bustard et. al. 2016) . However, it faces serious limitations while explaining a sub-linear relation between the observed extra-planar X-ray luminosity and the SFR (Strickland et. al. 2004; Grimes et. al. 2005; Wang et. al. 2016 ) in highly inclined disc galaxies. In such galaxies, the soft X-ray emission from the central region of the wind is expected to be absorbed due to high column density along the line of sight. Moreover, the surface brightness of the extra-planar emission, in the wind model, falls off too rapidly as compared to recent observations by Li & Wang (2013) .
Analytical wind models further assume that the wind from star forming region expands as a single fluid. In other words, the loaded mass is assumed to be mixed up with the wind instantaneously which, thereby, affects the thermal and dynamical features of the wind. Observations of nearby star forming galaxies, however, find a coexistence of Hα emitting warm gas and X-ray emitting hot gas (Grimes et. al. 2005) . The thermodynamics of such a multiphase wind is difficult to obtain in analytical wind models and requires dedicated numerical simulations.
Another shortcoming of the typical wind models is that the star formation is assumed to be centralised (∼ 200 pc). The star formation in a disc galaxy, however, extends to regions beyond the central few hundred parsecs. According to the well-known Kennicutt-Schmidt law, the surface density of star formation rate (SFR) is given by Σ SFR ∝ Σ 1. 4 gas , where Σ gas is the surface density of gas (Kennicutt 1998 ) (although the scaling may vary from Σ SFR ∝ Σ gas at high surface densities to Σ SFR ∝ Σ 2 gas at low surface densities (Bigiel et al. 2008) ). Therefore it is important to study the effects of distributed star formation in a disc galaxy on the morphology, dynamics, and emission characteristics in various bands of the outflowing gas. It then becomes necessary to use 3-D hydrodynamical simulations for such a study. Previously, Cooper et al. (2008) studied the morphology and emission properties (in X-ray and optical bands) for outflows arising from a nuclear star forming disc with inhomogeneous distribution of interstellar medium (ISM), they concluded that the observed filamentary structure of outflows, as seen in optical and X-ray images, is caused by the inhomogeneities in the ISM.
However, the star forming region in their simulation was confined to the central 150 pc, for a galaxy with disc mass ∼ 6 × 10 9 M (and halo temperature of 5 million K). Interestingly they found that the bulk of X-rays are emitted from the gas in the filamentary structure of the outflows, mostly in the bow-shocks created by dense clumps of disc gas lifted by the ram pressure of the hot wind. This is inherently different from the scenario of a centralised injection of energy and mass, as explained above, although Cooper et al. (2008) admittedly studied only the X-ray emission close ( 1 kpc) to the plane of the disc.
In this paper, we address the issue of X-ray emission properties (as in Cooper et al. (2008) ) from a distributed star formation scenario throughout the disc (unlike the case of central injection studied in Table 1 . Parameters used to set up a steady state gaseous distribution. The references for these parameters can be found in (Sarkar et al. 2015) .
Parameters (units)
Value
Cooper et al. (2008)). We use a set of idealized 3-D hydrodynamical simulations, in which the star formation sites are chosen such as to make the surface density of SFR follow the Kennicutt-Schmidt law. Our main aim in this paper is to study the X-ray properties of outflows out to a few kpc from the plane of the galaxy. In light of the computationally expensive nature of such simulations (in particular, owing to the fact that our spatial resolution in the inner disc is of order ∼ 10 pc, and our box size extends to 6 kpc), we study the outflows for 10 Myr, during which time, for typical starburst parameters, the shell of swept out matter reaches a distance of a few kpc. We also do not dynamically link the star formation sites with the current (and evolving) density structure in the disc, and allow the star formation sites to fire up simultaneously and continue for 10 Myr. Our set-up therefore complements the previous studies of Cooper et al. (2008) and Fielding et al. (2017) .
SIMULATION SET-UP
Our initial set-up is quite similar to the one used by (Sarkar et al. 2015, hereafter, S15) . The new feature that we explore is distributed star formation. The set-up comprises a high density disc embedded in a dark matter halo. The density distribution of the disc and halo gas, and consequently the pressure distribution, has been derived using the combined gravitational potential of a stellar disc and dark matter halo.
Gravitational Potential
The potential due to stellar disc is described by the Miyamoto-Nagai potential (Miyamoto & Nagai 1975) in cylindrical coordinates, (R, z), as,
Here, M disc is the total stellar mass in the disc. The parameters a and b represent the scale length and the scale height of the disc, respectively. The dark matter halo has been modelled as a modified NFW profile (Navarro et al 1997) to reflect a finite dark matter density at the centre of the potential. The potential has been taken as,
where, f (c) = log(1 + c) − c/(1 + c), with c = r vir /r s as the concentration parameter, r vir as the virial radius, r s as the scale radius of the NFW potential and M vir is the mass enclosed within the virial radius. Here, d represents the core radius of the dark matter halo. The exact values of the parametes are given in Table 1 .
Setting up the gaseous distribution
The initial gaseous distribution contains a high density, low temperature disc component which is enveloped by a low density, high temperature medium, called the circumgalactic medium (CGM). To keep the set-up realistic, the disc component has been made to rotate in the azimuthal direction. The hot component, however, is made to have zero rotational velocity for simplicity. Both of these components are in steady state equilibrium under the influence of the combined gravity, Φ = Φ disc + Φ DM , of the stars and dark matter. In such a situation, the steady state distribution for a component rotating with an azimuthal speed of v ϕ can be described by
where, ρ ≡ ρ(R, z) and p ≡ p(R, z) are the density and thermal pressure, respectively. Now, for given v ϕ ≡ v ϕ (R) and an equation of state, p ≡ p(ρ), the above equations can be solved individually for both of the components. However, notice that we do not follow the evolution of the individual components but rather study them as a single fluid component. The density and pressure profiles for this single fluid are constructed from the linear superposition of the corresponding quantities of individual fluid components. This approach is effective at the gridpoints where any single fluid dominates the mass and energy budget of the cell (which is the case for most of the gridpoints) but fails to represent any physical quantity at the disc-CGM boundary where the contributions from both are comparable. This introduces certain artificial effects, viz radiative cooling, at the disc-CGM boundary and requires some extra attention. A more detailed discussion to handle such artificial issues has been provided in S15.
As can be seen in equation 3 that for a test particle at z = 0, the gravity should be completely balanced by the centrifugal force which thereafter decides the rotational speed ( v rot = R ∂φ ∂R z=0 ). However, for a realistic fluid, a fraction of the support against gravity also comes from the pressure gradient. We set this fraction by setting the rotation speed of the disc component to be v φ,g = fv rot . Here, we have chosen f = 0.95 for a realistic shape of the disc gas. This gives us for the disc gas,
and for the halo gas,
Here, ρ D0 and ρ H0 , respectively, are the central densities of the disc and halo gas, c sd and c sh are the isothermal sound speeds in the disc and the halo. This approach of finding the density and pressure distribution is quite similar to that used in Sutherland & Bicknell (2007) and Strickland & Heckman (2009) . The sound speed in the disc has been taken be to be 24 km s −1 , which is slightly larger than the sound speed at 10 4 K, to account for additional pressure from turbulence and non-thermal components. Observational evidence establishes that the central density of the disc, ρ D0 , is close to 3 m p cm −3 . The central density of the hot gas has been estimated by normalising the total baryonic fraction in the galaxy to be equal to the cosmic baryonic fraction, 0.16. Table 1 describes the parameters used in this paper. One issue, however, stays with treating the two components as one. In reality, the disc gas is inhomogeneous in nature and contains cold/warm clumps (∼ 10 4 K) along with a hot phase (3 × 10 6 K). Since we assume that the warm clumps are rotating while the hot phase is not, it brings us to a question -whether the hot gas will also be dragged by the warm clumps due to viscosity. We can estimate the time-scales over which such viscous force will be important.
For a 3 × 10 6 K hot gas with a density of 10 −3 m p cm −3 , the kinematic viscosity is ≈ 5 × 10 26 cm −2 s −1 (see section 2.2 of (Guo et al. 2012) ). Therefore, the viscous timescales to transfer the velocity of the warm clumps to a vertical layer of l = 200 pc is t ν ∼ l 2 /ν ∼ 24 Myr which is larger than the time-scale of our simulations. The Kelvin-Helmholtz time scale, for 100 pc sized clumps, is of the same order. It is interesting to note that this process can transfer the disc rotation to the CGM to distance till z ∼ 4 kpc over a time-scale of 10 billion years. This may be a probable candidate to explain the vertical gradient of the rotation curve in spiral galaxies as observed by Heald et. al. (2007) ; Kalberla & Kerp (2009) . However, a detailed study of such physics is out of the purview of the present paper.
PARAMETERS OF THE RUN
Using the set-up described above we have conducted threedimensional hydrodynamical simulations to mimic outflows resulting from star formation in the disc of the galaxy. The feedback due to The shock moves slightly faster in the case of CI, as compared to DI. Note that negative y-direction is shown here as it is morphologically almost similar to the +y side, other than small differences. star formation was replicated by a continuous injection of mass and energy in the computational domain. One purpose of this paper is to understand whether and how different aspects of the outflows, such as morphology and dynamics, change upon changing the modes of energy injection. In this respect, we would like to introduce the two different ways of injecting energy and mass into the system. The first of two, which will be referred to as Central Injection(CI) in the course of the paper, has been studied in S15. In S15, central injection was implemented in two dimensions with axisymmetry. The injection of mass and energy took place at the centre of the disc within a certain injection radius. Though this set-up faithfully reproduces the effects of outflows, a concentrated injection is not representative of the physically distributed star formation that takes place in a galaxy.
To capture the spread of star formation in the disc, we would like to introduce a mode of energy injection which we have christened Distributed Injection(DI). Instead of depositing the entire luminosity at the centre, we choose to have 1000 points in the volume of the disc which represent sites of OB associations. Fewer injection points would result in an unrealistically large luminosity of each OB association, whereas larger number of points would require an unreasonable computational power. These 1000 points will be referred to as injection points in the rest of the paper. The distribution of these points has been described in the appendix A.
All runs follow identical forms of potential and thus, initial density distribution, as in S15. Note that the CI set-up follow axisymmetry, unlike in the case of DI. For further details, the reader is directed to S15.
Simulation set-up and injection points
All the simulations mentioned in this paper were conducted using PLUTO. PLUTO (Mignone et al. 2007 ) is a finite volume code which Figure 2 . Column density maps for L42(upper panel) and L41(lower panel) at 5 Myr. The number density of particles was added along the line of sight, that is x direction. The filamentary structure of the warm (T<10 5 K) as well as the hot gas is clearly visible in these maps. As can be seen, hot gas(T>10 6 K) is diffused.
solves the conservation laws,
where T(U) is the flux tensor and S(U) is the source term, which comprises M inj and E inj for mass and energy conservation, respectively. We used the HD module offered by the code for all the simulations mentioned in this paper. The in-built cooling function in PLUTO has been used to account for cooling losses in the system. A temperature floor of 8000 K was set. The computational domain is a cuboidal box and uniform grid is applied in all directions. It extends from −6 kpc to +6 kpc in the x and y directions and up to 6 kpc in the z-direction, assuming symmetry about the XY plane. Outflow boundary conditions are applied at all the boundaries except at z = 0, where reflective boundary condition is imposed. The resolution of the runs is constrained by the energy injection parameters. As Sharma et al. (2014) suggested, the size of the region in which energy is deposited should be sufficiently small so as to prevent catastrophic loss of injected energy via artificial radiative losses. Geometry poses another constraint as spherical injection has to be implemented using cuboidal cells. This is overcome by ensuring that multiple (two to three in each direction) cells occupy the injection volume. The injected energy is completely thermalised.
The OB associations have been distributed throughout the volume of the disc such that surface density of star formation at a cylindrical distance R in the plane of the disc is related to the gas surface density, integrated along the z-axis, by the Kennicutt-Schmidt law (Kennicutt 1998) . The Kennicutt-Schmidt law thus dictates the number density of OB association along the R axis of the disc. The distribution of OB associations consequently peaks at about 1.0 kpc from the center (see equation A4). Appendix A gives a detailed account of this implementation. It should be noted here that the off-center peak in the number of OB association is indeed has been corroborated by observations of the Milky Way (Higdon & Lingenfelter 2013) . The distribution of these 1000 OB associations along the z-axis has been determined by the local density scaled with the local midplane density. Further, the OB associations are rotating with the local circular speed in the disc and trace circular orbits. The injection points are surrounded by a suitably chosen injection region in which energy and mass are deposited continuously throughout the run period, that is 10 Myr, in a low density medium. The runs have been conducted for two values of the total energy deposited (referred to as L42 and L41 subsequently) in the disc, which have been distributed equally over the 1000 injection regions. The mass injection rate has been estimated using the Kroupa mass function. Consequently, the energy and mass injection rates are related to the star formation rate(SFR, in M yr −1 ) as,
Tracers
PLUTO allows for the evolution of advection equations, which have been used to trace the disc and injected matter, as well as the halo gas, over the period of the runs. Initial density profile was used to set the tracers for the disc gas and the halo gas. The injection region was treated as source of the tracer for the injected material. Different regions have different tracers that are advected by the flow.
RESULTS

Density and temperature
Density and temperature contours for DI and CI cases for L = 3 × 10 42 ergs −1 (corresponding to SFR=30 M yr −1 ) are shown in Figure 1 , for the x = 0 plane at 5 Myr. The contours show cru- . Average X-Ray VBD (see equation11) along the z-axis, starting from z = 0 for DI, CI for at 5 and 10 Myr, for L42 (left) and L41 (right) cases. The emissivity drops more sharply for CI case as compared to DI case. The bumps in the left figure represent the location of the shocked shell. The arrested fall of the emissivity compares will the observations(read text for details). For comparison with observation, it can noted that for typical numbers 1 × 10 −13 erg s −1 cm −2 (emitted by plasma of solar metallicity) corresponds to 6.6 × 10 −3 counts/s for Chandra ACIS-S 0.5 − 2.0 keV. This estimate does not include the contribution by the CGM which may be of ∼ 1.5 × 10 −14 n 10 −4cm 3 Λ 10 −23 erg s −1 cm −2 arcmin −2 . *The plots have been made using scaleheights for exponential fits of figure 5 in (Li & Wang 2013). cial differences that translate into differences in the X-Ray surface brightness maps, as discussed below. As a result of the initial density profile, the CI case exhibits strong symmetry about the R axis of the disc and the outflow displays the characteristic shock structure, with distinguishable reverse shock, contact discontinuity and forward shock, as expected in the classic stellar wind model (Weaver et al. 1977) . However, for the DI case, such a straightforward demarcation is nearly impossible, particularly in the inner region of the disc, where the SFR is high. The free wind region in DI is occupied by warm clumps of disc gas (discussed later), whereas in CI, this region is devoid of clumps. Previous works (e.g., S15) have noticed that the mass beyond the contact discontinuity fragments due to thermal and later Rayleigh-Taylor instability. In our case, for CI, the contact discontinuity has not formed clumps owing to the rather long cooling time (∼ 60 Myr, given temperature of ∼ 5 × 10 6 K and density of ∼ 5 × 10 −3 m p / cm −3 in the shocked ISM region). Moreover, at a very early stage, when the shell is highly radiative, the diverging velocity field in the shell inhibits any clump formation. It should be added this point that for L42, both DI and CI, the shock moves out of the computational domain after a period of 5 − 6 Myr. The speed of the shock varies marginally in the two cases. In the CI case, in the approximation of self-similar evolution of the forward shock, the radius and speed of the outer shock through a uniform medium are given by (for energy input rate L and ambient density ρ),
In the distributed case, one can roughly assume a parallel slab geometry for the central region. The relevant parameters here are time (t), ambient density (ρ) and the surface density of energy input,
, where R d is the radius of the region of star formation. These parameters can be combined to give the height and speed of the forward shock, as,
This is valid until the outflow geometry tends to become spherical, when R DI > R d . The ratio of the shock speeds in the two cases is, From our simulations we find that the forward shock for L = 3 × 10 42 ergs −1 reaches ∼ 5 kpc and slightly more than 6 kpc in 5 Myr in the CI and DI cases, respectively. The comparable heights reached in the two cases are consistent with the above estimate, given the approximate nature of the estimate. For a lower SFR, with L = 3 × 10 41 ergs −1 , the corresponding heights are ∼ 4 and ∼ 1.8 kpc, showing that the ratio of heights in these two cases increases as luminosity decreases, again consistent with the scaling derived above, within factors of order unity.
We note that the shock speed in the DI case remains roughly constant with time, whereas in the CI case the shock decelerates. The ratio of the speeds (V DI /V C I ) in the case of L42 is roughly unity at ∼ 5 Myr, but it increases with time. In other words, for a longer time scale, the shock speed in the distributed case is expected to be larger than in the central injection case. This is an important difference, owing to the geometry in two cases, and we will discuss the implications below. Ultimately, after the outer shock becomes larger than the injection radius, the plane-parallel case should transform into a spherical wind.
We show the corresponding column density maps in Figure 2 . We integrated the density along the x-axis to determine the column density. Further, we have distinguished between the column density of hot and warm gas, as shown in the middle and right panels of the figure. Gas with a temperature less 10 5 K is taken as warm gas, while that which is hotter than 10 6 K is taken as hot gas. The figure shows that warm gas is thrown up to height of ∼ 2 kpc in 5 Myr, while hot gas has reached nearly the edge of the box at ∼ 6 kpc.
Soft X-ray emission
We show the soft X-ray (0.5 − 2 keV) surface brightness maps in Figure 3 , for L = 3 × 10 41 erg s −1 and L = 3 × 10 42 erg s −1 , at 5 and 10 Myr, for both CI (central injection) and DI (distributed injection) cases. Qualitatively, CI and DI produce morphologically different surface brightness maps. The most important difference between the two cases is that in the CI case the X-ray surface brightness map shows a central region and a shocked shell as discussed in the previous section. In this case, the X-Ray luminosity is dominated by gas in a symmetric shell that expands with time. After nearly 10 Myr, the forward shock and contact discontinuity have moved out of the computational domain, leaving behind a cavity-like structure in the surface brightness map owing to the cooled free-wind region.
In contrast, the emission in DI case is dominated by filamentlike structures that fill the space between the disc and the outer shock (whose brightness is less than in the case of CI). The filamentary structure is the result of the interaction of the warm clumps of disc gas with the free wind. The X-Ray luminosity consequently decreases smoothly as a function of height from the disc, as opposed to a sharp decrease in the case of CI. This is consistent with the findings of (Li & Wang 2013) according to whose observations the vertical brightness distribution(VBD),
,along the minor axis of star forming spiral galaxies is such that it decreases by a factor of few tens from the central peak value to the value for the coronal gas far outside. We have plotted the VBD of the soft X-ray along the line of sight, x axis, against the height from the disc in Figure 4 for both CI and DI. The drop in the distribution is much steeper for CI, which is expected since the injection region is the strongest contributor to X-ray followed by the shell. Note that the discrepancy between the observed profile and the obtained profile can arise due to several reasons. Firstly, while we average the VBD over the entire box, the observations use only the X-ray bright regions to find the averaged brightness. Secondly, our VBD considers only a small box of size −6 to +6 kpc in X, Y and 0 to 6 kpc in Z direction, whereas, there may be some contribution from the hot CGM in reality. Lastly, incorporation of thermal conduction may affect the actual value of the brightness as we expect higher density of the hot gas due to evaporation of the clumps.
A comparison of the total soft X-ray luminosity (L xs ) in both the CI and DI cases has been shown in Figure 5 . It shows that L xs sharply rises above the contribution from the CGM (L xs at t = 0) and then remains almost constant for t 1 Myr. This sharp rise occurs due to the injection of the thermal energy in the disc. The rise time is roughly the time-scale over which a steady wind structure is set up within the injection regions. This time-scale is ≈ R/ E/ M ≈ 1 Myr. Here, R is the size of the injection region, E and M are the constant energy and mass injection rates.
We notice that if the entire computational domain is included, CI has marginally greater soft X-ray luminosity than DI (as shown in the left panel of figure 5 ). However, as previous works have shown (e.g., simulations of S15, or theoretical estimates of Zhang et al. (2014) ), the X-ray luminosity the outflowing gas is dominated by the central injection region. This contribution to the soft X-ray luminosity is liable to be obscured by the dense gas in the central region. Therefore we need to compare the luminosities in the two cases besides this central region. For this, we exclude the disc up to 100 and 200 pc height. Once this region is excluded, we find that the reverse holds, and the luminosity for the DI exceeds the CI case (second and third panel of Figure 5 ). This demonstrates again that for CI, the injection region is the strongest contributor to the X-ray luminosity, followed by the shock. Since the total energy deposited in both the cases is identical and the shock speed in the two cases is comparable (see previous section), it can be safely assumed that luminosity of the shock of one is within an order of the other. The difference thus arises from other sources. As we explain below, this excess in DI is supplied by the bow shocks of the warm clumps coexisting with the free wind. These bow shocks are absent in the CI case due to lack of the warm clumps in this scenario, because the region of interaction between the injected and the disc gas is limited compared to the DI case.
X-ray from bow shocks
One of the important questions we would like to address about the X-Ray luminosity of star forming galaxies is the source of X-Ray emission. It has been noticed in previous works that the impact of a warm clump against hot, high speed winds leaves a wake of hot gas behind it (Cooper et al. 2008 (Cooper et al. , 2009 ) which can be the dominant source of X-Rays given the temperature and the enhanced density. In this regard, it is worthwhile to notice that CI produces nearly no clumps because of the large cooling time (as discussed in section 4.1) of the shocked ISM and a strongly divergent velocity field. We zoom into one of the clumps in Figure 6 . The two left panels show the density and soft X-ray emissivity contours (top and bottom, respectively), and the bottom two panels on the right show the contours of the disc and injected gas tracers. It is clearly seen that bow shocks are formed as a result of the relative motion of the clump and the free wind. These bow shocks have high X-ray emissivity arising from high relative velocity (∼ 500 km s −1 ) and high density arising from the interface between the dense warm clumps and free wind. Note that the density of such bow shocks may be dependant on the spatial resolution of the simulation and will be discussed later.
One can ask the relative contribution of these bow shocks to the total X-ray luminosity of the outflowing gas. For this purpose, we selected a box −4 kpc < x, y < +4 kpc and 100pc < z < 4 kpc, around the central region, which contains most of the clumps and bow shocks at 5 Myr. In this box, there is also the free wind region for different cut-offs. Although, the total soft X-Ray luminosity is higher for CI, once the contribution from the injection region is removed DI has higher lumniosity. For CI, highest contributor to the X-ray luminosity, after the injection region, is the shocked shell. For DI, however, the bow shocks occupying the free wind region also contribute significantly. The cut-off has been taken along the z axis, across the horizontal plane. L41 would be dominated by X-ray emission from the halo owing to a low SFR, as concluded by (Sarkar et al. 2016 )(their Figure 3) . apart from the clumps and bow shocks. Since we know the speed of the free wind material, we identify this region and determine its X-ray luminosity. The rest of the X-ray luminosity arises from the bow shocks, because the contact discontinuity and consequently the shocked CGM shell has moved out of the 8 × 8 × 4 kpc 3 box by 5 Myr. We show in Figure 7 the fraction of the total X-ray luminosity (in the whole simulation box) that is contributed by the free wind and the bow shocks, after a time scale of 5 Myr, for the L41 and L42 cases.
The figure shows that as much as half of the total X-ray luminosity of the outflow arises from the bow shocks, and this fraction remains roughly constant with time. This is one of the most important results of our paper. Note that the curve for the bow shock fraction for L42 case decreases slightly after 5 Myr, due to the fact that after that time bow shocks begin to move out of the selected 8 × 8 × 4 kpc 3 box.
The origin of these clumps is another aspect we would like to address. The clumps could comprise mostly disc gas which is blown away by continuous energy injection. The two bottom right panels of Figure 6 show that the clumps comprise of disc material and not the injected matter, since the clump regions contain matter with the highest values of disc tracer. The disc and the injected tracer in the two right most panels of the figure, unambiguously, show that clumps are essentially disc gas embedded in a medium of the injected gas. It should be noted here that Cooper et al. (2008) attributed the clumps to initial density perturbations in the disc, arising out of turbulence. However, our result demonstrates that clumps form even if the disc gas is homogeneous but stratified, according to the hydrostatic equilibrium, in the gravitational potential because of thermal and Rayleigh-Taylor instabilities.
We also show, in the two panels of Figure 8 , the parameter space of disc and injected gas, colour coded by the X-ray luminosity, at 5 and 10 Myr for L42 . The bright bottom left corner tells us that the hot halo gas, which will by design have low disc and injected material tracer, contributes to the X-ray luminosity. We also note that gas which solely arises from the injected material (along the horizontal axis) does not contribute much to X-Ray luminosity. The other distinctive feature of these maps is the bright diagonal from one end of the plot to the other, which is conspicuously brighter near the middle. The diagonal represents those parcels of gas in which the clumps of disc material have mixed with the injected material and are devoid of halo gas. The regions in which the halo gas mixes with disc and injected gas are the sub-diagonal points in this figure. This observation is further strengthened upon comparing the maps at two different times. At 10 Myr, the shocked shell has left the computational domain and hence does not contribute to the X-ray luminosity. All that is left is the free wind region in which the disc gas in the form of clumps is mixed with the injected material. The bright diagonal further corroborate the observation that the bow shock regions, which are formed at the interface of disc-material-enriched clumps and injected-materialenriched free wind gas, are the dominant contributors to the X-ray luminosity. Cooper et al. (2008) hypothesized that the bow shocks formed as a result of the impact of the wind against the clumps are an important source of soft X-rays, although a quantitative analysis was not provided (see their Figure 15 ).
Hard X-ray emission
As the estimate in equation 10 suggests, the geometry of the distributed star forming regions in a disc causes the speed of the shock to remain roughly constant, while that in the CI case decreases with time. If we discount the central region, which emits harder X-rays than the soft X-ray range considered here (0.5-2 keV), the hardness ratio (L x, >2 keV /L x, 0.5-2 keV ) is expected to remain constant in DI case whereas the X-ray emission is expected to become softer for CI case.
We compare the soft and hard X-ray surface brightness for the DI case (L42, 5 Myr) in the two left panels of Figure 9 . In hard X-rays, the halo gas is not observed because the temperature of the hot halo gas is not high enough. In this case, the brightest parts are close to the disc, where the warm clumps are being lifted. Close to the disc, where the warm clumps are being accelerated by the hot injected gas, the speed of the clumps is small, and the relative speed between the Figure 6 . Density, pressure and speed( v 2 x + v 2 y + v 2 z ) (top panel) and the emissivity, disc and injected tracer (bottom panel) contours in the x = 0 plane for L42 at 5 Myr. (The section of the density plot, shown inside the black box, has been zoomed into for emissivity and tracer plots.) The disc tracer and the injected gas tracer follow the advection equation for the disc gas and the injected gas, respectively. Numerically, they are dimensionless quantities, set between 0.0 and 10.0 having been pegged to the density of the material being traced. The parcels with a higher value of the disc(injected gas) tracer have a higher amount of disc gas(injected material). The clumps as seen in the density contour are predominantly comprise disc gas, embedded low density injected material. These warm clumps have negligible soft X-ray luminosity due to low(∼ 10 4 K) temperature, but the intervening region has high emissivity, since its temperature lies between that of the clumps and ∼ 10 6−7 K of the surrounding medium. (Figure 1 shows the temperature map.) clump and the free wind gas is maximum (see equation 4 in Sharma & Nath (2012) ) . This makes the bow shock regions close to the disc show up in hard X-rays brighter than the bow shocks far above the disc, where the clumps have reached a larger speed owing to the ram pressure acceleration.
The third panel of the same figure show the contours of the hardness ratio for the same parameters. We find that the hardest Xrays are radiated by bow shocks close to the disc and the top part of the outer shock, owing to the shock heated gas in this region. The right-most panel of this figure compares the hardness ratio map with that in CI case. In the central injection case, the hardest X-rays come from the very central region (likely to be absorbed by the ISM) and the shocked gas in the shell. In contrast, the DI case shows a hard X-ray spot in along the pole.
We also show the ratio of the total X-ray luminosity in the 2-5 keV to that in 0.5-2 keV range in the left panel of Figure 10 . The X-ray emission in the CI case is harder than the DI case, as is expected from the temperature ( 10 7 K) in the central region. We also see that the the hardness in the DI case first increases and then flattens off. Had the only source of X-ray emission been the shocked ISM, then the hardness would have remained a constant, owing to the near constancy of the outer shock speed. However, a significant contribution of Xray emission comes from the bow shocks embedded in the free wind region. We notice that for L42 at 7 Myr, the hardness increases. This is also the epoch when the gas shocked by the outer shock leaves the simulation box. The increase in the hardness after this epoch implies that the X-ray emitted by the bow shock regions is harder than that from the outer shock region, as is also shown by the hardness ratio contour in the right panel of Figure 9 .
In the right panel of Figure 10 we show the same ratio as in the left panel, but after subtracting the contribution of the central region. This decreases the hardness of the CI case, as expected. Also, we find that the relative hardness of the DI to the CI case increases with time. This is partly due to the fact that bow shock regions in DI cases emit Figure 7 . Fraction of X-Ray luminosity in bow shocks and free wind against time for L42, for DI. For this plot, it was assumed that free wind contribution comes from gas parcels with speed more than 1500 km s −1 . (The contribution of the injection region was removed by applying a cut-off of 100pc in the z direction.) The bow shock contribution has been estimated by assuming that after a certain point the shocked shell exits a smaller box of size 8 × 8 × 4 kpc 3 . Since contribution from the injection region and the shocked shell has been removed, we can conclude that a significant amount of X-Ray luminosity is sourced from the bow shocks. Figure 8 . Luminosity-Tracer Maps for L42 at 5 and 10 Myr. These maps depict how much of the soft X-ray luminosity is contributed to by the disc gas and the injected material. The highest luminosity region in this map, the diagonal from top-left to bottom-right, represents those regions where there has been mixing between the disc gas and the injected material. As explained in the text, these are the regions around the clumps(see Figure 6 and explanation therewith) with intermediate temperatures. The bottom left corner depicts the contribution from the halo. (This figure includes contribution from z > 100pc.) relatively hard X-rays (which are absent in the CI case) and also the outer shock region becomes relatively harder for the DI case for the L42 case, as predicted by equation 10.
Mass of gas at different density and temperature
It is also important to know at which different temperatures does the mass exist as it directly indicates the wave band of observations aimed to detect this mass. We show the total mass of gas at different densities and temperatures for L42 in the case of DI in Figure 11 , for 0, 5 and 10 Myr. The left-most panel shows the initial set up of the gas. The lowest temperature gas (at slightly more than 10 4 K since it includes the turbulence) resides in the disc and it is also the densest. The highest temperature and the most tenuous gas is located in the halo. The intermediate region in the density-temperature space is occupied by gas in the interface region between disc and halo, and this gas is in rough pressure equilibrium, shown by the approximate constancy of the product of density and temperature.
The right panels of this figure shows that as time progresses, mass shifts to colder and dense regions, which is associated with the formation of the clumps by thermal cooling. In other words, a substantial fraction of the mass in the outflowing gas is located in the warm clumps and in the hot phase generated by the bow shocks (the red regions with T ∼ 10 7 K). The bright yellow patches on the top left of the maps represent the hot injected material that is following an adiabatic expansion i.e. T ∝ n 2/3 (for γ = 5/3). The intermediate regions (∼ 10 4 − 10 6 K) mostly represent the interface between the cold clumps and the hot wind.
For an easier comparison of the mass at different phases, we have divided the mass in four temperature bins as shown in Figure 12 . We find that the mass contained in gas with temperature between 10 6 -10 7 K (responsible for most of the soft X-ray emission) is comparable to the mass in warm clumps ( ∼ 10 4 -10 5 K), and the mass budget remains constant after a few Myr of the onset of star formation. In comparison, the mass contained in gas with temperature in the range of 10 5 -10 6 K is an order of magnitude lower. In other words, the mass distribution is bimodal in temperature, with peaks at 10 4 -10 5 K and 10 6 -10 7 K suitable for UV and X-ray studies, respectively (see also Sarkar et al. (2015) ).
DISCUSSION
Mass loading factor
Our main focus in this paper has been on the extra-planar X-ray emission properties of outflows from disc galaxies. In order to study this in an idealized set-up, we have not followed the evolution of the outflows over a long time scale. This would have entailed the possibility of a partial fall back of outflowing material on the disc, which would further require the coupling of star formation process with gas density, as has been studied in detail by Fielding et al. (2017) . The main focus of these authors has been the dynamical aspect of outflows, and in particular, the relation between the mass loading of outflows and parameters such as surface density of gas. Although this is not our main focus, we have estimated the mass loading factor in our simulation runs, by determining the mass flux out of boxes of different length scales (1 and 4 kpc) as a function of The ratio of hard X-Ray(2.0 − 5.0 keV) luminosity to the soft X-Ray luminosity has been plotted against time. In the right panel, we have removed the contribution from the injection region by imposing a cut-off of 100pc along the z direction. As is expected, this ratio decreases significantly when the cut-off is imposed since the source region is a strong contributor of hard X-Rays. But the overall contribution from the rest of the volume is non-negligible.
time, which we show in Figure 13 . It should be borne in mind that the rectangular boxes chosen for mass outflows calculations while outflows themselves follow a near-spherical geometry.
For the L42 case, the mass loading factor increases (as the shock sweeps up the halo gas) till the shock fills the 4 kpc box and thereafter remains at a near constant value for the duration of the run. The difference in the mass loading of L42 at 1 and 4 kpc is the consequence of entrainment of the disk gas. The mass loading factor for the L41 case out of the 4 kpc box is small because of the fact that the outer shock does not reach this box within the simulation time scale. However there are two important results that we would like to point out here. Firstly, the mass loading factor is of order of few ×0.1, consistent with the results of Fielding et al. (2017) (their figure 3) for a similar time period. Their results show that mass loading increases further if one evolves the outflows for a much longer time period. Secondly, the mass loading factor increases with decreasing SFR (by comparing L41,1 kpc and L42,1kpc). This is also consistent with the trend found by Heckman et al. (2015) (their Figure 6) , Fielding et al. (2017) , and predicted by Sharma & Nath (2012) (their equation 14) . This trend was also noticed in Sarkar et al. (2015) although for centralised injection case.
It should be also noted, as suggested by the discussion in section 4.4, that the total mass loading may be divided almost equally into two phases (∼ 10 4 −10 5 K and 10 6 K) and will require multiwavelength observations to reveal the true mass loading in the observed galaxies.
Velocity distribution
Kinematics of the outflowing gas is another parameter that determines if the matter is going to be reaccreted or thrown away far from the centre which can then take part in enriching the CGM with metals and entropy. The dynamics of the warm gas is specifically of interest as it can provide an estimate of how much of this gas will 'rain back' to the stellar disc and participate in further star formation. Fig. 14 illustrates the fraction of mass contained in different radial speed (v r = v ·r) and temperature bins for gas above z = 100 pc. We notice that the warm clumps (∼ 10 4 −10 5 K) have a very narrow velocity range that extends from ∼ −100 (fountain flow) to ∼ 400 km s −1 . The range, however, increases at a later time and reaches ∼ 800 km s −1 at 10 Myr. This can be attributed to the entrainment of the clumps by a fast moving (∼ 1000 km s −1 ) hot gas ( 10 6 K). The > 10 6 K gas represents the hot wind, bow shocks and also the CGM. The peak at ∼ 0 km s −1 for the 10 6 − 10 7 K gas at 5 Myr is due to the stationary CGM which has not yet been shocked yet. This peak disappears at a later time indicating that the shock has crossed the boundary of the computational box. A large outflowing velocity of the hot gas means that this gas can escape the gravitational potential of the galaxy (∼ 300 km s −1 ) and mix with the CGM and increase the CGM metallicity and entropy.
Note that this picture of a multiphase wind is very different from a single fluid approximation of the steady wind (Chevalier & Clegg 1985; Strickland & Heckman 2009; Zhang et al. 2014) where the temperature and density are functions of radius alone. This model therefore predicts a single velocity at a distance which depends on the thermalisation efficiency and the mass loading factor of the wind. The multiphase wind model, on the other hand, is fundamentally different as there can be multiple velocities depending on the phase coexisting at any radius. This naturally predicts that a certain fraction of the lower velocity warm clumps is likely to be reaccreted but the hot and tenuous gas is most likely to be thrown away into the CGM.
We also find a good fraction of the warm clumps to have an outflowing velocity the escape velocity (∼ 300 km s −1 ), meaning that these clumps can escape the galaxy and enrich the IGM. However, the real scenario can be different. As these clumps rise in height, the ram pressure of the wind falls too rapidly to accelerate the clumps further. From there onwards, the clumps follow almost a ballistic trajectory and travel outwards through the hot CGM. It has been shown in several numerical simulations that such a journey causes Kelvin-Helmholtz instability and conductive evaporation of the clump (Cooper et al. 2009; Armillotta et. al. 2017) . It is, however, uncertain if the results will remain same in the presence of the magnetic field.
Testing a multiphase wind model in observation
It is clear from the observations of the co-existence between Hα and soft X-ray emission (Grimes et. al. 2005 ) that a multiphase model, like the one presented here, should be considered while studying the extra-planar X-ray emission. This model, however, can be further tested independently by considering the hardness ratio of the extraplanar emission. As shown in Fig. 10 , that the hardness ratio of the extra-planar emission (|z| 100 pc, right panel) for L42-DI case is much larger than a L42-CI case. This is due to the presence of the bow shocks. We propose that a distinction between the classical wind model versus a multiphase model can be done in such an observation.
CONCLUSIONS
In summary, we present 3D numerical simulations to describe a multiphase nature of the extra-planar wind and related X-ray emission. Our main findings are:
(i) Distribution of energy and mass sources throughout the disc of a galaxy significantly changes the morphology and structure of outflows generated. These changes are a direct consequence of the formation of warm clumps in the free wind region of the outflows. We attribute these clumps to disc gas which is lifted up by ram pressure. ISM turbulence causes a disc to be naturally inhomogeneous and formation of clumps in such a disc has been studied earlier. Our work, however, shows that the clumps are formed even for a homogeneous and stratified disc.
(ii) The warm clumps of disc gas once lifted interact with the hot free wind. The relative speed between the two leads to formation of bow shocks. These are the primary source of soft (0.5-2.0 keV) X-rays, since the intermediate temperature region contains most of the mass of the outflow. Such a process is absent in the case where the energy and mass deposition takes place at the centre of the disc (CI). In CI, thus, the strongest contributor to the soft X-rays is the central region itself, followed by the shocked shell. This produces a sharp fall in the brightness profile along the minor axis of the galaxy. However, in the distributed injection case, the bow shock regions in the free wind emit copious X-rays and make the brightness profile to decrease slowly, consistent with observations. This model of multiphase wind is fundamentally different from single fluid models and has the potential to better explain the observed extra-planar X-ray emission (iii) We find that the bow shock regions also emit hard X-rays (2-5 keV), particularly those close to the disc. By assuming plane parallel symmetry we can estimate the speed of the shock in both cases. We find that while the shock speed decreases with time for CI, it remains roughly a constant for DI. This is also borne by the hardening of the X-rays for DI as time progresses. The hardness ratio is another handle that can be used to distinguish between a single fluid model of galactic wind vs a multiphase nature of the wind.
Based on the current results, we believe that a detailed study of such multiphase wind models incorporating self-consistent star formation and analysis of the mock X-ray spectrum will lead us towards a better understanding of the extra-planar X-ray emission and unlock several mysteries related to galactic feedback and CGM enrichment. 
